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Abstract 
Fatigue-life curves are used in order to estimate crack-initiation, and also to prevent water leakage on Pressure Water Reactor 
pipes. Such curves are built exclusively from push-pull tests performed under constant and uniaxial strain or stress-amplitude. 
However, thermal fatigue corresponds to a nearly perfect biaxial stress state and severe loading fluctuations are observed in 
operating conditions. In this frame, these two aspects have been successively investigated in this paper: 
 In order to investigate on potential difference between thermal fatigue and mechanical fatigue, tests have been carried out at 
CEA using thermal fatigue devices. They show that for an identical level of strain-amplitude, the number of cycles required 
to achieve crack-initiation is significantly lower under thermal fatigue. This enhanced damage results probably from a perfect 
biaxial state under thermal fatigue. In this frame, application of the multiaxial =DPULN¶VFULWHULRQVHHPVWREHYHU\SURPLVLQJ 
 In order to investigate on cumulative damage effect in fatigue, multi-level strain controlled fatigue tests have been performed. 
([SHULPHQWDOUHVXOWVVKRZWKDWOLQHDU0LQHU¶VUXOHLVQRWYHULILHG$ORDGLQJVHTXHQFHHIIHFWLVFOHDUO\HYLGHQFHG7KHGRXEOe 
linear damage rule ("DLDR") improves significantly predictions of fatigue-life.  
 
Keywords: thermal fatigue; biaxial fatigue; crack initiation; cumulative fatigue-life;  
1. Introduction 
Thermal fatigue may induce in-service damage in some nuclear reactor components. In the case of Pressurized 
Water Reactors (PWRs) crack networks may appear in auxiliary systems, close to a cold-water injection site, in spite 
of relatively small temperature fluctuations [1, 2].  
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In France, estimations of fatigue resistance of nuclear reactor components are based both on the RCC-M code 
and on the RCC-MR code. They were initially and respectively developed for PWRs and Fast Breeder Reactor 
design. Such methodologies assume that thermal fatigue resistance on components can be directly extrapolated from 
classical "push-pull" tests. HRZHYHUFUDFNLQJGDPDJHLQVRPHLQVWDQFHV5+56«UHVXOWLQJIURPWKHUPDOIDWLJXH
loading, would indicate the necessity to investigate such hypotheses more precisely.  
A first point focuses on crack-initiation under thermal fatigue (TF). Data are obtained using specific facilities [3 
to 8]. An important push-pull test campaign was also conducted to investigate a potential discrepancy between TF 
and uniaxial isothermal low cycle fatigue (LCF).  
A second point focuses on cumulative fatigue-life. In-service loadings are complex with significant fluctuations. 
For this reason, it may appear unobvious to predict fatigue-life for components, from results themselves obtained on 
laboratory specimens performed with a constant loading (controlled strain or stress-amplitude). The most widely 
used theory, which was selected for design, is the Linear Damage Rule commonly referred as the Miner's Rule [9]. 
However, literature shows that such approach may lead to inaccurate fatigue-life predictions [10 to 12].  
All the materials are elaborated in accordance with the RCC-M specifications [13].  
 
2. Crack initiation under thermal fatigue 
2.1. Thermal fatigue tests 
TF results are obtained using SPLASH and FAT3D facilities located at CEA. As for in-service components, 
thermo-mechanical loadings directly result from temperature gradients along the wall thickness. The facilities, 
experimental procedures and experimental results are briefly described hereafter. 
SPLASH tests: The test facility is composed of a massive specimen (240x30x20 mm3) continuously heated by an 
electrical DC current and cyclically cooled by water sprayed on the two opposites faces of the specimen, as 
displayed in Fig.1. Thermal down-shocks produced by cyclic water spraying induce large temporal and spatial 
gradients: the cooling-rate is about 600&V and the gradient along the specimen depth is approximately 100&PP. 
The thermal loading zone is confined to a few square millimetres on the surface and a few millimetres in depth. 
These loading conditions yield a small-localized plastic zone. The temporal surface temperature range and 
WHPSHUDWXUHJUDGLHQWGXULQJTXHQFKLQJDUHQHDUO\HTXDODWHPSRUDOWHPSHUDWXUHUDQJHRI&LQVXUIDce roughly 
corresponds to a 160& JUDGLHQW LQ WKH WKLFNQHVV GLUHFWLRQ Temperatures are measured using K thermocouples. 
Additional measurements are performed on the surface of the quenched zone using an infra-red camera. The studied 
steels are 304-L and 316-L(N) austenitic stainless steels, with an average grain size of about 50- m. Crack-initiation 
is detected using a light microscope: it corresponds to a 150- m long surface crack.  
Fig.2 gives the evolution of the temperature range as a function of the number of cycles to crack-initiation. 
When temporal surface temperature range varies from 100 to 125&QRFUDFNVDUHGHWHFWHGHYHQDIWHU6 cycles. 
As for isothermal fatigue, a fatigue limit is thus clearly defined. No significant difference between the two tested 
materials is observed in low cycle thermal fatigue regime.  
Only the last testing campaign, performed at the maximum temperature of 320&ZLWK-L steel specimens is 
analysed. This choice was made to ensure that all the thermal fatigue tests have strictly been performed under 
identical conditions. Furthermore, a comparison between thermal fatigue and isothermal "push-pull" tests will be 
performed on specimens of the same heat of 304-L steel, in order to avoid a potential variability effect. The analysed 
tests thus correspond to only a small fraction of the SPLASH campaigns (Fig.2-b).  
FAT3D tests: Fig.3 presents the FAT3D facility and principle. The specimen is a simple tube. To obtain a 
homogeneous heating, it is placed in an oven. Cold water is periodically injected on the inner skin, at a single and 
fixed position. More precisely, injected water boundaries roughly had a parabolic shape. This effectively generates 
3-D loadings, because local gradients ( T between inner and outer skins) are combined with global gradients ( T 
between the sides of the tube). In contrast, SPLASH geometry generates only 2-D loadings.   
Specimens are 316-L 360-mm long steel tubes, with a 170-mm outer diameter and a 6.7-mm wall thickness 
(Fig.3). The cooling zone is detailed on Fig.3-b. The top part corresponds to the highest load zone. Initiation was 
defined as a "mechanically significant crack". Such definition corresponds to a 1 to 2-mm long crack on the surface. 
Three tests have been performed on 316-L steel specimens.  
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Fig. 1: SPLASH facility and specimen.  Fig. 2:  20 years testing SPLASH data base, number of cycles to initiation versus the temperature 
range on surface during quenching. (a), tests performed only on 304L steel (b).  
 
In order to investigate the impact of multiaxiality, such results have been compared with uniaxial LCF data 
(strain-amplitude) obtained on the same 316-L heat. LCF tests have been performed at room temperature, instead of 
at representative temperature of the thermal cycling. However, RCC-MR data only shows a slight temperature effect 
for fatigue-life: LCF at 450&>14] roughly corresponds to LCF at 20&E\FKDQJLQJ1F by NF/2 (Fig.4).  
Indeed, to compare endurance on TF with endurance on LCF, the estimation of a "reference temperature" for 
LCF is not easy. However, the minimum temperature seems to be a more relevant choice: the water quenched zone 
is mainly loaded under tension during the cooling stage and mainly under compression during the heating stage. 
Minimum and average temperatures in the outer wall are closer to 200& and 300&UHVSHFWLYHO\The inner-wall 
temSHUDWXUHV DUH REYLRXVO\ ORZHU$V D UHVXOW WKH FRPSDULVRQZLWK/&)DW &DQG1F, or with LCF at room 
temperature and NF/2 are representative and somewhat conservative. 
2.2. Thermal and mechanical analysis 
The thermo-mechanical state of specimens is determined from two uncoupled computations: first a thermal 
analysis, then a mechanical analysis using the previously computed temperature field as input parameters. The 
uncoupling hypothesis is based on the negligible thermal heating due to the inelastic deformation, compared to the 
global heating problem.  
The constitutive behaviour is uncoupled from the damage evolution. This assumption has already been 
validated in a series of papers [15, 16].  
Another hypothesis assumes that stabilized stress-strain behaviour is obtained after a short transition period. As 
previously observed on 316-L(N) steel [17], the evolution of stress in a cyclic experiment is quite complex. It can be 
typically described using a series of superposed hardening laws as proposed in [18]. Therefore, simplifying 
assumptions could be stated, supposing that the behaviour of the material is stabilized after a first hardening period 
and that all computations will take place in this area. In this frame, elasto-plastic calculation are based on stabilised 
cyclic elasto-plastic behaviour law (non-linear kinematic law).  
2.3. Fatigue analysis 
Fig.5 summarizes the TF and LCF results. The LCF dotted-line curve represents the number of cycles to rupture 
(N25). It corresponds approximately to a 3 mm crack length. It is built from the (NF/2- t) curve obtained on 316-L 
steel at room temperature and the (NF- t) curves obtained on 304-/VWHHODWWHPSHUDWXUHVRIDQG&7KH
LCF full line represents the number of cycles required to initiate a 150- m long surface crack (~75- m depth). It is 
simply deduced from the LCF dotted-line curve, using eq.1 [19].  
Ni = NR -12 NR0.62 +0.226NR0.90+185      for 20  T  & (1) 
Elastoplastic calculations do not give efficient estimations: TF analysis based on equivalent strain (related to the 
2
nd
 invariant), appears to be not sufficient.  
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Fig 3: FAT3D facility and principle.  Fig 4: 316-L steels: Experimental and design RCC-MR curves. Comparison 
between 450&±NF, 20&±NF and 20&±NF/2 curves. 
Mechanical loadings encountered on surface of SPLASH and FAT3D are quasi-proportional loadings. 
However, they are not quite pefectly equibiaxial, since relations obtained on surface are respectively: 
zzyy 76.0 and zzyy 79.0 (z is the length direction axis). The triaxiality ( TF ) factors are given by:  
94.1KK1/K1/3TF 2VMeqH  (SPLASH), 96.1 (FAT3D) where: zzyy K  (2) 
In a second step, a multiaxial fatigue criterion proposed by Zamrik [20] is applied. Equivalent total strain-
variation is then given by:  
p
eq
1TFe
eq
1TFt
eq Z , with 42.1Z  and 2 .  (3) 
 The Zamrik's criterion seems to give the best estimations, since SPLASH data are closer than LCF 304-L data, 
particularly for the highest number of cycles (Fig.6). 
2.4. Some comments on crack-initiation 
 The difference between TF and uniaxial LCF is not due to any known micro-structural effects. Transmission 
electron microscopy observations provide insights into the slip mechanisms [21], which appear to be standard.  
 The effect of multiaxial stress on fatigue damage is now well investigated. Many criteria have been proposed [22 
to 25] IRULQGXVWULDODSSOLFDWLRQVDVLQWKHFDULQGXVWU\WKHUDLOZD\« 
The first effect of multiaxial stress is the modification of the crack-initiation stage itself [26, 27]. In all the cases, 
cracks are initiated following shearing stress planes. However, an increase in hydrostatic stress leads to a 
substantial micro-mechanism change: low hydrostatic stress leads to the development of shallow cracks parallel 
to the surface ("Type A damage"), whereas high hydrostatic stress leads to the development of surface steps and 
deeper cracks ("Type B damage") which are obviously more damaging (Fig.7). More precisely, it was shown that 
torsion mainly corresponds to "Type A damage", "push-pull" tests to a mixing of "Type A damage" and "Type B 
damage", and perfect biaxial stress to predominant "Type B damage". For that reason, the number of cycles 
required to initiate a crack may be significantly higher in cyclic torsion ( H = 0) than in cyclic tension ( H = 
a/3), and higher in tension than in cyclic perfect biaxial loading ( H = 2 a/3).  
The second effect is linked to crack opening. An increase in the hydrostatic stress leads to an increase in pressure 
on the crack lips. That impedes crack closure during unloading. Moreover, a biaxial loading activates more slip 
systems [21], which can also promote premature crack initiation.  
 Results obtained on specimens taken only from the same plate as used for SPLASH tests are gathered in Fig.8. 
Regarding fatigue life for identical level of strain, we can observe: (1) For LCF, a very slight effect of 
temperature between the lowest (165& Dnd the highest temperature (320& JHQHUDOO\ XVHG RQ WKH SPLASH 
cycle (170-320& (2) No difference between the one TMF Out of Phase data (OP open square) and the LCF 
data. (full symbols). (3) In contrast, all the SPLASH biaxial TF data (open circle) are significantly below to both 
 and LCF data.  
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Fig. 5:  Elastoplastic calculations on FAT3D and SPLASH facilities ± Comparison with fitted LCF curves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 6:  $SSOLFDWLRQRIWKH=DPULN¶VFULWHULRQ± Comparison with fitted LCF data, LCF curves are built for NF/2, NF and 2NF. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7: Effect of  multiaxial stress on crack-initiation itself and 
propagation of the first cracks.  
(1) Torsion test corresponds to 0h , only shallow cracks 
on surface.  
(2) Push-pull test corresponds to positive hydrostatic stress 
( 3/maxmaxh ), stair displacement on surface and deep 
cracks, which are more damaging.  
Fig.8:   Equivalent strain-variation as a function of the number of cycles to 
fatigue-OLIH REWDLQHG RQ RQH WKHUPRPHFKDQLFDO IDWLJXH ³RXW RI
phase´ test, on isothermal low cycle fatigue, and on SPLASH 
biaxial thermal fatigue tests.  
TMF specimen (open square) is tested for 90-
VSHFLPHQVIXOOV\PEROVDUHWHVWHGIRUDQG&7)
SPLASH (open circle) corresponds -&WHPSHUDWXUH
range in surface. 
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3. Cumulative fatigue-life 
3.1. Experimental conditions 
Specimens are taken from a Type 304-L stainless steel sheet. Fig.9 presents the specimen geometry. A very 
accurate surface state is machined to prevent premature crack-initiation and failure. All the tests are performed on a 
hydraulic device with a strain-controlled condition at room temperature with a comparable mean strain rate 
( dt/d 2102 1s ). The strain-controlled signal has a sinusoidal evolution. In addition a null mean stress for each 
cycle is also monitored during all the fatigue-life test, even after the level change.  
The stress response evolution shows a slight initial hardening followed by a continuous softening up to the 
specimen failure (Fig.10). To establish a reference fatigue-life curve (Fig.11), some tests must be obviously 
performed with a constant strain-amplitude ("continuous fatigue tests") before performing the multi-level test 
programme itself. Furthermore, Fig.12 shows a significant decrease of the Young's modulus during fatigue. This 
evolution cannot be linked to a temperature increase of specimen to 45-&EODFNV\PEROV 
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Fig.9: Geometry of specimen used for fatigue tests.  Fig.10: Stress response for a constant strain-amplitude of 0.2%.  
 
Following the "continuous fatigue tests" programme, a multi-level programme has been carried out. In this 
frame, twenty eight tests have been performed with two-level, three and four-level loading sequences. Among these, 
four tests have been performed with "alternated sequences". Only two strain conditions are applied during fatigue- 
life 0.2 or  Test has been started with one of the both, and the strain-amplitude level is shifted when the 
fatigue-life ratio has been attained 0.13. In all the tests, damage iD corresponding to the i  level is simply defined 
as:  
iFii N/nD   (4) 
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Fig.11: Fatigue-life curves, elastic, plastic and total strain-amplitudes 
as a function of the fatigue-life. 
Fig.12: Evolution of the Young's modulus as a function of the 
number of cycles.  
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3.2. Main results 
In our conditions, the Linear Damage Rule or the Miner's rule is not verified for the two-level tests as 
emphasized by Fig.13. In this Figure, the Miner's rule, corresponding to the characteristic equation 
1N/nN/n 2F21F1 , is represented by the inclined line. Only, two tests are in good agreement with Miner's 
prediction. All the other High-to-Low loading sequence tests are situated below this line. The remaining life ratio 
( 2F2 N/n ) determined on tests for the High-to-Low sequence (H-L) is smaller than the one estimated by applying 
the Miner's rule [9]. On the contrary, the Low-to-High loading sequence (L-H) tests are above this line. 
Furthermore, let us note the very important difference between the inversed tests: first level of both H-L and L-H 
tests exactly corresponds to the same fatigue-life ratio or damage value (vertical lines in the Figure). As a result, a 
loading sequence effect is clearly evidenced. 
Fig.14 gathers all the three-level and four-level loading sequence tests: the strain-amplitudes are 0.3%, 0.5% and 
0.8% in the first case, and 0.2%, 0.25%, 0.3% and 0.4% in the second case. Let us note that the remaining fatigue-
life ratio ( FLL N/n MINER) estimated from the Miner's rule is close to 0.6 when the measured one can range 
between 0.2 and 1.2. The previous trend is plainly confirmed: for a H-L sequence the remaining fatigue-life ratio 
estimated from the Miner's rule is higher than the measured one, for a L-H sequence the remaining fatigue-life ratio 
estimated from the Miner's rule is lower than the measured one.  
However, the evolution is not so obvious for "mixed sequence" test: when the evolution of the strain-amplitude 
levels is not monotonic.  Fig.15 shows that sum of fatigue-life ratios can be either lower or higher than 1. In the first 
case, one could roughly assimilate the loading sequence with a two-level L-H sequence, since first level is very short 
(90 cycles) and the third is not long enough. In the second case, one could roughly assimilate the loading sequence 
with a two-level H-L sequence.  But, in other cases, extrapolation to two-level sequence does not appear possible. 
When tests have been performed following an "alternated sequences", rupture has been ever occurred (cross 
symbols) significantly before "LDR" estimations (full symbols) as it was shown in Fig.16. Such underestimation of 
fatigue-life is obtained indifferently of the first level strain-amplitude.  
Such behaviour does not apparently result from a memory effect on the stress-response. Fig.17 shows that stress-
response is not significantly affected by the previous loading history: same stress-responses are obtained from multi-
level loading sequence tests and from constant strain-amplitude tests (FC curves).   
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Fig.17: Stress responses as a function of the number of cycles. Two and four-level sequence tests. 
3.3. Analysis of the multi-level tests with the Double Linear Damage Rule 
One concept that developed early to explain deviations from the Linear Damage Rule or the Miner's rule was 
that fatigue damage process was at least a two stage process: crack-initiation and crack-propagation. The "crack-
initiation phase" itself is ended when crack has crossed over several grains. More precisely, crack is considered as 
initiated when crack deviates from a shearing path ( 45 ) to a normal path to the tensile direction ( 90 ) in case of  
"push-pull" tests. As mechanisms and processes are completely different during these two stages [27, 28], there is no 
reason for expectation of a linear damage accumulation rate for all life levels. Furthermore, relative importance of 
these two stages depends strongly on the fatigue regime: initiation started at the beginning in LCF regime whereas it 
may represent more than %90 of the fatigue life in the HCF regime. 
An intermediate conjuncture proposes to consider two separate linear damage rules: one for initiation and one for 
propagation. In that frame, the concept of "Double Linear Damage Rule" was proposed first by [11]. However, an 
improvement is proposed by [29], so-called "Knee-point Damage Rule". The reference to "initiation" and 
"propagation" is replaced by "Phase I" and "Phase II", since physical meaning of these two phases seems to be 
unclear. In addition, it proposes to introduce a knee-point to define the limit between them. For a two-level test, 
coordinates of the knee-point for the second level are given by: 
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Fig.18 represents an example of application for H-L and L-H loading sequence tests. The damage evolution is 
given as a function of the fatigue-life ratio FN/N . "DLDR" evolutions are simply deduced by applying 
equation 5. They correspond to strain-amplitude of 0.20%, 0.25%, 0.30%, 0.40% respectively.  
Let us note that curves become progressively more and more non-linear as the fatigue-life is increased: for 
example, curve for 0.20% strain-amplitude is more non-linear than one for 0.40%. Such trend is plainly confirmed 
by the mechanism damage evolution under cyclic loading. The crack-initiation phase, and the damage start, becomes 
delayed for the high fatigue-life ratio in the "HCF regime".   
As observed on the first two analyzed tests, "DLDR" leads to an important improvement for both estimations for 
last level fatigue-life ratio and for sum of the fatigue-life ratios: regarding last level fatigue-life ratio, values are 0.18 
and 1.00 instead of 0.58 obtained with "LDR", and close to experimental values of 0.18 and 1.11.  
Furthermore, Fig.19 confirms plainly such evolution for all the multi-level fatigue tests. It shows a relatively 
small value of the standard-deviation ( 20.0 ) compared to the one obtained with the Miner's rule "LDR" (~0.50).  
 
Fig.18: Application of the Double Linear Damage Rule for H-L and L-H four-level tests. Full and open symbols correspond to experiment and 
prediction respectively.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.19: Application of the Double Linear Damage Rule, sum of fatigue-life ratios. Comparison between experiments and predictions.  
4. Conclusion 
 Thermal fatigue tests have been carried out at CEA using thermal fatigue devices. All the analysed tests clearly 
show that for an identical level of strain-amplitude, the number of cycles required to achieve crack initiation is 
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significantly lower under thermal fatigue. This enhanced damage results probably from a nearly perfect biaxial 
stress state under thermal fatigue. Application of the multiaxial =DPULN¶VFULWHULRQVHHPVWREHYHU\SURPLVLQJ 
 Multi-level strain controlled fatigue tests have been performed to investigate on cumulative damage effect in 
fatigue. ([SHULPHQWDO UHVXOWV VKRZ WKDW OLQHDU0LQHU¶V UXOH LVQRWYHULILHG$ ORDGLQJVHTXHQFHHIIHFW LVFOHDUO\
evidenced. The double linear damage rule ("DLDR") improves significantly predictions of fatigue life.  
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